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INTRINSIC NEUTiUNO PROPERTIES:
AS DEDUCED FROM COSMOLOGY, ASTROPHYSICS,

ACCELERATOR, AND NON-ACCELERATOR EXPERIMENTS

S. P. ROSEN*
T-Division, Los Alamos National Laboratory

Los Alamos, New \lexico S7545

.4BSTRACT

I review the intrinsic Properties of neutrinos as deduced from cm.mological, astrophysical, and

laboratory experiments. Bounds on magnetic momenta and theoretical models which yield large

moments but small mums are briefly discussed. The NISW solution to the solar neutrino problem

is reviewed in light of the existing data from the 37C1 al~d Kamiokande II experiments. ‘The com-

bined data disfavor the adiabatic solution and tend to sllpport either the large angie solution or the
Zlc= signal will be Suppreued by the same factor ~ ‘ornonadiahatic one. In the former case the

37C/ and in the !atter case the suppression factor could be as large .aa 10 or more,

1. Introduction

\Vere he alive today, Pauli would be amazed at tbe vast range of physics employed ill
the study of his ‘last, desperate remedy’ to solve tl.e problem of energy conservatiotl ill

beta decay, Cosn-mlogy, astrophysics, accelerator physics, and non-accelerator physics
are all part of the search for neutrino physics beyond the standard elect roweak model.
The formation of primordial elements in the LTniverse itselfl and the precise pmpcrtics
of the neutral Z gauge hoson M meaaured at the LEP accelerator both put limits
upon the number of light neutrinos; both are converging on 3 at the present time.
The spectrum of tritiu:n beta-rays sets a bound on the mrw of the electron-neutrino;
and the generation and loss of energy In stars give rise to rare neutrino events in large
tanks of liquids located deep underground which set limits on their elcctrolnagnrtic
and mixing properties. In my talk today, i would like to review all of these topics, I)llt
pay particular attel tion to bounds on magnetic moments and mixing properties. ‘1”11(s

,.
rtnphasis ]s motivated by hints of a t]me dcpt=nr.lerrce in the signal of solar nwlt,rillos,
I,ct me begin though with cosmology and its key connections with particlo pllysi(s.

The central feature of Big fling Cosmology is the llubble expansion and colIwI-
q~mnt coolin!, of the (Jniverse 3, 1], the ‘radiation rua’, whwt all particles aro r(*lati\’is -
tic, t,~~(treis a simple inverse relat iunship hctl ven time and temperature S(lc!l Illill

the Iaqy’r t!)c nllmber of relati ~istic degrees c!’ freedom, the fitstcr the rxpimsioi~ atl(l
the less tir]]c nwdw{ to reach a givett temperature. Since each species of t]vl]l rino
——-————. —

1AIl{lrcnn mftm Augmt 1, l!)t)O: office of f IIF Derin, (’~)llrge of %iencrl ‘1’hr I!niverslt,y ,)r ‘] ’I*x:M

nt ArlingtOn, Jrlington, ‘rx 76019



makes its own independent contribution to the total number of degr= of freedom. it
follows that the expansion rate of the Universe increases with the number of neutrino
species.

Now, the number density of a given species of particle in a comoving volume will
change with time in two respects: one is the Hubble expansion of the volume and the
other arises from interactions with other species which can destroy and then recreate
the particular species of interest, for example:

These two mechanisms tend to compete with one another, but at sufficiently high
temperature the interaction mechanism will win out because the associated rates
incre=e with temperature. In this regime, the ifiteracting species will be in thermal
equilibrium. As the Universe expands and cools, interaction ratea decrease until the
Hubble expansion becomes dominant and the species will ‘frcwzc out’, that is the total
number will remain Sxed,but the density will decrease in proportion to the Hubble
parameter. Freeze out, or decoupling as it is ofi.en called, and its exact location in the
temporal history of the Universe play an important role in nuchmsynthesis and the
primordial abundances of light elements. Hence the relationship between primordial
‘f{e and the number of light neutrinosl’3.

Decoupling Ieave* k.llind whole species of pwticla which do not interact with
each other through the strong and electroweak forces ot particle physics, but v:llirll
do exert gravitational fore= upon the Universe, \Vhether one or more such species
constitute the ‘dark matter’ is a question of varying opinions, but it does as wc sh,dl
we, provide interesting limits on the mwes and hfetimes of neutrinos, awl CVM upon
their magnetic maments.

Turning to astrophy~ics, we find that the neutrino provides us }.Ith signals of t IIC
nuclear reactions going on in supernovae and stars like our sun’. In th~ cxtrcmcly
dense ccmccntrations of hadrorlic matter and electromagnetic plasma fo~nd in such
bodies, the weakly interacting neutrino is the only known particle that can cscrq)r
alni )st instantaneously. Some densities are so high, for example in the core of a
supernova that even the neutrino gets trapped and haa to diffuse out in scmwwtmt
the same way as do the much more strongly interacting photons, ~t~utrillos CiIII !,(I

crvatd in stars through such reactiuns as:

f-+~_-li+upL, (?)

‘l]l(l Yltl(m’ ~ v= + I’r, (:1)

imd they provide onc of Ihe principid mmms of vlwrgy low. As W SIlilll s(w I Ilis i;lll
be IIWd 10 set hounds IIpOIIneutrino properl,im.
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In the case of the sun, the standard solar model (SS}1) predicts a specific spectrum
and flux of neutrinos producd in the fusion reactions which are the source of solar
energys. Parts of the spectrum, especially at the high energy end, are sensitive to
the SS)1 and a failure to detect them in the predicted amount ~ould be due to a
breakdown of the SS}1, or to mixing properties of the neutrino. Other parts of the
spectrum, in particular the low energy pp neutrinos, have little sensitivity to the
solar model and a failure to s= them in the predicted quantities is a clear signal for
neutrino mixing, oscillations, and mass.

Besides these cosmological and astrophysical methods of learning about neutrino
properties, there arc also direct laboratory methods. Some involve large accelerators,
which have been used to probe neutral currents amongst other things6; reactors?,
which prcvide copious sources of low energy neutrinos; and other non-accelerator
experiments such as the measurement of the tritium beta spectrums and the search
for double beta decayg. This large array of tools is used, of c~urse, because the
determination of neutrino properties, especially the demonstratio,l that at least one
kind of neutrino has a non-zero mass, will provide insight to physics beyond the
standard particle physics model. The properties upon which 1 shall concentrate ale:
hlajorana versus Dirac particles; masses; m?gm:tic moments; and mixing,

2. Majorana Vers!.9 13irac Neutrinos

10 the essential difference between a \lajoranaFrom an operational point of view ,
neutrino and a Dirac one Iiea in the ability to be reabsorbed by the same type of
source from which the particle haa been emitted. A hlajorana neutrino emitted in
the beta decay of one neutron can bc reabsorbed by a second neutron and thus
stimulate its transformation into a proton plus electron; a Dirac nelltrino cannot. :\
more formal way ot’ stating this is to say that I)irac neutrinos and anti-neutrinos havr
opposite ‘Iepton numberl and behave in such a way tilat leptcm number is conscrvrd;
\lajorana neutrinos carry no Iepton number and take part In processes in which it i~
not conserved.

In the context of the standard electroweak model of Glashow, \Veinherg, itil(l

Salamll. the distinction between I’vlajorana and Dirac neutrinos is not mcanillgflll
unless the neutrino has a mass, T’he neutrino mn.itted by a neutron in Imta (kny is

always right-handed, whereas the object absorbrd by a neutron must be lvft- lIitmh’11:
in the limit of zero mass there is no overlap between these states of oppcwitr llt!l~,ity

and the particles behave, for all practical purposes like Dirac neutrinos. IVIWI] t llr
mwtrino has a m~s, there can be an overlap betw~m tlw two lwlicit.y ~tatrs and 1WIII%

t hr (~~wstion of ?tIajorana versus Dirac becomes a nlcauingful one. ‘1’his (lvprII,lvIIw
on Inass holds up even in the c&qe that lhcre is a srmll admixtllrc of rigtlt-llilll(l(vl

currrwts in beta decay.
The most sensitive test for hfajorrma ncutrinm is thr srarch for m~-lmutrillo {lI)IIIJlt*

beta dmay in which two nrlltrons inside a 11[1<’l(ylstrailg[orll~ il~t[~l,wo l~rt~tt)lls l)lils



two electrons without the emission of two neutrinos:

~n — +2p+2e-. (4)

The corresponding process with the emission of neutrinos,

2n - 2p+ 2e. +2~.9 (5)

is allowed by the stand..rd model independently of the qu~tion of mass and has been
observed in the even-even isdope ‘2Se with a lifetime of 10m years12.

Theoretically, the mass parameter to which the no-neutrino double beta decay
amplitude is proportional is a weighted sum OVC;neutrino mass eigenvalues times
mixing matrix elements Uci times a CP-eigenvalue A which may be even (+1) or odd
(-l):

(6)
i

Implicit in this expression is the assumption that the neutrino masses are much
smaller than the momentum of the virtual neutrino exchanged between the two neu-
trons which typically Ii- in the range of 10-100 MeV. In the case when the effecti;c
week interaction contains some admixture of right-handed currents, the effective mass

has the form:

(7)

where V~i is the mixing matrix for right-handed neutrinos.
.At present the best limit on the half-iife for no-neutrino double beta decay comes

from the UCS13-LBL experirnenti3 on 7eCe. lt is

Tlia ~ 1.2 x 10X4years (!)O%C. L,), (s)

and it corresponds to a limit on the etktive mass of

The two limits in eqi(9) correspond to two different calculations of the nlc]car matrix
(’lmIIcIIts, Experiments are b~lr g planned in which highly enriched ‘nfic will 1)(sIIWVI

in placr of natllra] germanium and tl)ey are cxpcctcd to push the limit on tlw ;~.nlf-lif(t
IIp hy two orders of magnitllde and the Iitnit nn tlw Mcctive llliLSS down by OIW or(l{’r,



3. Direct Limits on Neutrino Masses

Direct limits on the masses of the elect ron-, muon-, and tau-neutrinos come from
studying the end-point of the tritium beta spectrums, the decay of the charged pion
at restl’, and the decay of the tau-lepton into five pions respectively 15. The best limit
for v, comes from the Los tllamos experiment and it is 13.4cV (Since the talk was
given, the Los Alamos group 18 has anxiounced a new limit of !3,4eV, and the Zurich

group’e has set a limit of 12.5eV.)
The decay of the charged pion at rest into a muon plus vu has been used at the

Paul Scherrer Institute to set an upper limit on the u~ mass of 270keV; and the Argus
group at Petra haa used the decay of the tau Iepton into five pions plus a neutrino to
set an upper bound on the Vf mass of 35MeV. Both of these limits are much higher
than the tritium bound for V. and the bounds obtained from cosmology,

Cowsik and iUcClellanc117 set the first cosmological limit on neutrino maw almost,
twenty years ago. Arguing that neutrinos wou!d decouple from other matter (see eq,
(l)) at a temperature of about lMeV, they used Big Bang Cosmology to est imatc the
number density of relic neutrinos in the present epoch. From measurements of the
Hubble constant and the deceleration parameter, they could then put an upper bound
on the density of a!] gravitational sources. Putting the two calculations together, tlwy
obtained a bound on the sum. of neutrino masses:

i=3

E ml <40- 100eV, (lo)
i=l

The range on the right-hand side reflects some uncertainty in the value of tli~ HIIIJII!C
parameter. As it stands this is quite a restrictive bound, and should we discover a
new form of Dark Matter such as WIMPS, it could well become even more restrictive,

Lee and Weinberg’e extended the above &rgument to set a lower bound on the mass
of any heavy stable neutrino that might exist. They argued that a heavy ncutrino
would go out of chemical q,uilibrium at a tempcrat ure T1 much greater than 1.\/e \ -
and that the mass on the left-hand side of eq. ( 1!) must be replaced by the proclllct
of mass times a Boltzmann factor corresponding to Tf. This condition reprwillcrs
the above bound for small masses and it also yields a lower bound on large niassm,
T!m actual bound obtained by I.ee and Weinberg was:

AIAF< 2GeV (11)

[t hiw only just been supercedmi by LEP, which Ims plawci a limit of about .ifiG’rl”

on tbe mass of heavy neutrinos with full standard model coupling to the Z-lloson,
f)icus, Kulh, and Twditz*e further rxtcnded the argument to llll~trtt)lr. tl(~ii~~

nculrinon which decay to a light one plus a photon. ‘1’hry uhtainmi a rf’lntitmsllil~
between the inass of the heavy mmtrino and its Iifrtimc. For uxample n Iwut.ritm d
1(I,Ife V woIIld havr a Iifetirne of 2 yvarsm
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I now turn to the solar neutrino problem, where we shall encounter much smaller
masses.

of 4. Brief Review of Solar Neutrinos and hlSW The solar neutrino problem is
now based upon two separate experiments, the original 37C1 experiment of Davis and
coworkers20, and the Kamiokande 11 solar neutrino-electron scattering experiment21.

Both report a deficiency in the number of neutrinos observed as compared with the
predictions of the standard solar models (S Ski). In the c=e of 37CI’ the average
capture rate over twenty years is

(capturerate) = 2.1 * 0.3S”VU
= 0.45atoms/day, (,2)

while the standard model predicts a signal of

(SSi~f) = 7.9 * ls:vu

= 1.5atoms/day. (13)

In the case of the Karniokande !1 experiment, the ratio R of events observed to the
number predicted by the SShf for the first 450 days of running is21:

R = 0.46+ 0.15 (14)

(After this talk was given the experimental group reported a new resuit based upon
an additional 590 days of running with a threshold of i.5MeV instead of the original
9.3.UeV: the combined result of all the data isza

R = 0.46& 0.05+ 0.06 (15)

and shows no sign of a time dependence,)
Since both experiments are predominantly looking at the aL3 branch of the soiar

neutrino spectrum, and since thi~ branch is very sensitive to the solar model, the
deficiency could be explained either as a failure of the SSM, or = being (luc to
new particle physics, namely neutrino oscillations. Crucial experimmts in choosing
between these two options will be the 7PGa now being performed by two groups,
SACE and CALLEX, and the SNO experiment. The 7’Ga experiment will look at
the pp branch which is relatively insensitive to the solar model, and a signal JV(*II
below that of SSNI will clearly support the new physics option. The SNO experimwt
will again measure the ‘B branch, but with much higher statistics than the earlim
experiments, and it will look at both the spectrum of electron-neutrinos arriving at
Earth and the neutral current reactions of solar neutrinos. 130th signals will be by
indicators for the choice between various explanations of the solar nelltrino prol]hv]l,

J3eing pmjudked towards oscillations and the mattcl cnhancemmt of the filS\V
effects’zs 1 shall spend some time briefly describing these ideas. LNcutrino osrillalifms9
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is a purely quantum mechanical effect associated with coherent admixtures of two or
more almost degenerate states and it can take place in vacuo or in a medium. Ivhen
the phenomenon occurs in a medium its properties can be modified by the medium

and this has become known as the XISW effect. For the case of oscillations between
electron-ne~trinos and muon- neutrinos, it is well-known that the former type can
scatter from electrons via both weak charged- and neutral-boson exchange, whereu
the latter can scatter only through neutral-boson exchange; thus the two types of
neutrino have different refractive indic= in matter and this will affect oscillations
between them.

Consider two almost degenerate neutrino mass eigenstates VI and U2, with masses
ml and m2 respectively, and with a common momentum p which is much greater
than both

and as

Hence the

masses. The two states have energies:

~i =p+m~/2p (~ = 112) (16)

they evolve in time, they acquire the appropriate phase factors

f3Zp(-iEjt)(~ = 11’2) (17)

phase difference between them oscillates with time. Whenever new states
are defined M coherent combinations of these two states with definite phase relations
betw~n them, the character of the new states will oscillate in time along with tbe
phase difference.

The electron neutrino v= and the muon neutrino Vmare defined as the orthogorlal
combinations:

Ve = Cm evl + sin 0P2

Vm = cos Ovz —sin Oul. (1s)

As these states evolve in time, the relative phzw between VI and V2will change, and
what was initially a pure Ue or a pure UP will become an admixture of the two flavor
states.

Oscillations between the two flavor eigenstates can be d=cribed by a by a Schromlingrr
like time development equation which also enables us to take into account tile \Is\V

effect:

.fi=H4

ldt ●

(19)

where A represents a column vector of the probability amplitudes for Vc to rmnilin VP
and for v~ to turn into another neutrino type u,., a~ and am respectively,

()ae
A =

am)-
(20)
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The Hamiltonian H is given by:

(21)

with

Matter oscillations are incorporated through the last term in the expression for
X, which depends upon the Fermi constant GF and the density of electrons, N,.
All the other terms in the expressions for X, Y, Z in eq (22) correspond to neutrinos
propagating in vacuo. The matter term can have powerful consequences because it

gives us a Htiltonian matrix which is not only symmetric, but also one which can
have equal elements down the diagonal. The eigenvectors of such a mat ~ix are equal
admixtures of Ve and Vfl, and so we have a chance to progress from non-maximal
mixing in vacuo to maximal mixing in matter.

The condition for equal diagonal elements is:

Amz cos 292~~2GFlV~= ~—

Now the electron density N. is inherently positive, and

(23)

the Fermi constant GF, since
it arises from the exchange of a gauge boson, is also positive: therefore the product
of Amz and cos 20 must also be positive. It is not difficult to show that this requires
Ve to be dominantly composed of the lighter of the two mass eigenstates, and vu of
the heavier,

When we apply the MSW effect to the 37C1 experiment of Ray Davis and his
collaborators, we find that there are three typ= of solu~ion in the parameter space
of Ama and sins 20: the adiabatic solution” , in which ‘low’ energy solar neutrinos
remain aa electron- neut rino.a while ‘high) energy ones are almost completely converted
to muon- or other neutrino types; the nonadiabatk solutions, in which the ‘low’

energy neutrinos are completely converted to another neutrino type while the ‘high’
energy ones have about a 50% of remaining as electron-neutrinos; and the /amJe angle
solutionze, in which the probability for the solar neutrinos to remain as electron -
neutrinos is independent of energy. The dividing line between ‘low’ and ‘Iligh’ is in

the neighborhood of 6-H MeV.
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The modified shape of thesp~trum ofelectron-neutrinos from aB for both the
adiabatic and nonadiabatic solutions is a key feature of the MSkV effect and observa-
tion of either form of modification would establish neutrino oscillations in general and
filSIV in particular as the solution of the solar neutrino problem. Another important
property of the nonadiabatic solution is that it can, for a certain range of parame-
ters, yield a very small signal in the 71Gu experiment because of the large conversion

probability for low energy neutrinos; observation of such a suppression would also be
a key signal for oscillations and MSW.

The Karniokande 11 experiment observes solar neutrino scattering from electrons
and, like the MSW effect, it too relies upon the charged-current diagram for its signal.
Since the amplitude for the charged-curreut diagram is much larger than that of the
neutral-current one, the cross-section for VSscattering turns out to be about 6 to 7
times larger than that for up scattering. Thus the observation in this experiment
of a signal smaller than the prediction of the SSLM can be interpreted as meaning
that some or all of the ‘II neutrinos tc which it is sensitive have been converted to
muon-type neutrinos.

Figure (old), from a recent paper cf Bahcall and Haxton27 shows how the MSW
oscillation parameter space for the Karnoikande II result overlaps with the corre-
sponding space for the 37C1 experiment. It is evident that the adiabatic solution is
disfavored at the present time, and that the uon-acliabatic and large angle solutions
are consistent with the two experiments.

While the Iargeangle solution predicts a fairly wide range of values for the ratio
R in the solar neutrino electron scattering experiment, the non-adiabatic solution
predicts that R should fall in a narrow rangem around 0.5. It is interesting that
the central value of the present result is very close to this value, suggesting that the
non-adiabatic solution may indeed be the correct one. The 71Ga experiment may
well provide a testof this possibility because the central region of the non-adiabatic
solution predicts an extremely small signal in gallium, whereas the large angle solu-
tion would tend to give the same suppression, a factor of 2 to 4, as in the chlorine
experiment. Thus a very small signal in gallium would be a strong argument for
the non-adiabatic solution first discussed by Rosen and Celbz5, (After this meeting.
the SAGE collaboration presented its first preliminary results at Neutrino ’90 which
suggest that the gallium signal is very much smaller than the standard model predic-
tion. )

4. Neutrino Magnetic Moments

The principal motivation for considering the possibility of neutrino magnetic mo-
ments at this time is the apparent anti-correlation between the signal in the 37(’1
experiment and the sunspot cycle: when the signal appears to be relatively high,
around 4SNU, the sunspot number is low, and when the signal appears to he low,

the sunspot number is high, Sunspots are a phenomenon associated with the np-

9



pearence of kilogauss magnetic fields at the solar surface – the larger the number
of sunspots, the more widespread the field. It is also thought that they signal the
development of strong toroidal magnetic fields throughout the convection zone. Now,
if the neutrino has a sufficiently large magnetic moment, somewhere between 10- 1‘

29 then its helicity can be flipped from left-handedness toand 10-10 Bohr magnetons ,
right-handedness as it travels through the fields in the convection zone. Right-handed
neutrinos cannot interact with 37CI and so the flipping of helicity leads to a reduced
signal in the Davis detector. To the extent that the sunspot cycle reflects a cycle
of incre~ing and decre=ing magnetic fields inside the sun, the magnetic moment
mechanism would lead to a corresponding cycle of decreasing and increasing signals
in the 37CI experiment.

In general, the dipole coupling of neutrinos to the electromagnetic field strength
tensor F“O can be writte~l as:

(24)

where the spinors ~a and ~b represent neutrinos of typea a and b, and x is the magnetic
dipole moment and y the electric dipole moment in units of the Bohr magneton /JB.
By virtue of the properties cf the Dirac matrices, the interaction transforms a left-
handed ~bL into a right- handed UaR. When a and b represent the same type of
neutrino, the dipole moments change sign under the interchange of particle and anti-
particle. Thus Majorana neutrinos cannot have diagonal moments; they can, however,
have transition moments from one type to another.

We can actually classify magnetic moments into three categories: diagonal, Dirac
transition, and Majorana transition moments. Diagonal moments transform the left-
handed neutrino of a given type into the right-handed neutrino of the same type, for
example:

and Dirac transition moments transform it into a right-handed neutrino of another
type:

Majorana transition moments always transform the left-handed neutrirm of one type
into a right-handed anti-neutrho of another type, transitions to the same type being
forbidden by Fermi- Dirac stat. istica:

Notice that diagonal and Dirac transition moments conserve either separate or to-
tal lepton number, while Majorana moments change total Iepton number by two

10
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units. In the standard electroweak model, however, the first two moments transform
left-handed neutrinos into ‘sterile’ neutrinos which do not interact with matter; the
Majorana moment, by contra ,, transforms it into an ‘active’ anti-neutrino. This

property will be important when we come to supernova neutrinos.
Limits on magnetic moments have been obtained from a wide variety of argu-

ments and experiments. As we shall see the most stringent ones have come from

astrophysics, and the tend to be at least one order of magnitude better than those
obtained from experiment, and sometimes two. The important question from the
point of view of this talk is whether they exclude moment~ of the magnitude needed
to explain a pcasible time dependence of the 37Cf experiment.

In 1981, J, Morganm noted that a diagonal moment for the electron-neutrino

would allow a new interaction between electrons and neutrinos in the cosmological
era, namely

veL+t?~neR+e (m)

For this reaction to decouple early enough so as not to interfere with nucleosynt hesis,
Morgan argued that the magnetic moment should be less than 1.5x 10- llpB. Fukugita
and Yazaki3* subseqt ,ntly re-exarnined the argument and softened the limit by a
f=tOr of 3 to 5 x lo-l’/Jg.

Astrophysical limits on all t~es of moment have been obtained by studying the
cooling of stars through the decay of a plasmon into a pair of neutrinos through
couplings as in eqs. (25,26,27, and 1) above. While the density at the core of
stars is much greater than that of the earth it is still possible for the neutrinos to
escape almost instant aneously. To prevent a rapid collapse of the stars, the magnetic
moments must not exceed some upper bound. The most recent bounds come from
analysis of helium-burning stars: Raffelt and Dearborn3a originally set a limit of
3 x 10-llPB and Fukugita and Yazaki31 pushed it down to 1.1 x 10-llpB. hlore
recently Raffelt” has lowered the bound by an order of magnitude to 3 x 10-1 ‘p ~
on the basis of mass considerations in globular cluster red giant stars. This limit is
exceedingly dangerous for the solar neutrino question.

Laboratory limits on magnetic moments have been obtained from neutrino.electron
scattering experiments with reactor neutrinos (tic) and with accelerator neutrinos
(v~), The upper bound from reactors~ is 4 x 10- ‘OpR and from accelerator experiments~s
it is 8.5 x 10-lOpB; neither one is aa restrictive u the bounds disc~ssed above.

An interesting and important bound cm diagonal ar.d Dirac transition moments
can be obtained from the supernova SN1987A, and it is taaed upon the following it!efi
first suggested by A. Darw. Densities in the core of a supernova are so high that FVC-11

neutrinos can be trapped inside them as long aa they interact ‘~ctively ’ with nmttcr.
INOWif an active neutrino has a diagonal or Dirac transition moment, it can scattm
from matter and be converted to a sterile neutrino, The sterile neutrino then ha Mi
excellent chance of escaping from the core without further inter~ctions nncl with NO

11



further degradation of its ener~; this means that it can carry away the 2-4 x 1053
ergs of energy released by the supemo~a explosion much more rapidly than active
neutrinos.

Therefore the existence of diagonal and Dirac transition moments will have two
consequences for the supernova: (i) the collapse will be much faater than in the stan-
dard c=e; and (ii) the emission of higher energy, but sterile neutrinos (with energies
of order 200MeV instead of 20MeV) which can, in their long passage (160,000 light
years) through the weak intergalactic magnetic field, have their felicities reflipped
from right-handed to left- handed. Our failure to observe either one of three effects
can then be used to set bounds on the two lepton conserving moments.

The density in the collapsed core of the supernova is 8 x 1014gms/mn3, about three
times nuclear density, the temperature is in the range of 30- 70GeV, and the r idius
is 10 kilometers. Mohapatra and Barbieri37 estimate the luminosity of right-handed

neutrinos to be:

()
a

Q(uR) = (4 - 40) x +--- x 10s5ergs/sec.

Requiring ~(UR to be less than 1053ergs/see, they obtain a bound
moment OL

p < (2 - 8) X 10-’n/{B,

(29)

on the magnetic

(:10)

From the absence of higher energy neutrinos in the IMB and Kamiokamie 11detectors,
they obtain an even more restrictive limit:

From the known cross-section for magnetic moment SCattering of neutrinos hy
electrons, Latimer and Coopersteina estimate the neutrino heiicity flip rate to bu:

( :12)

where Y, is the ratio of electrons to baryons in the core and is about 1/3, and f31 is tilt”
Pauli blocking factor for electrons and is rcughly 1/2, The density p is approximately
3 times the nuclear density ~, Assuming density p is approximately 3 times tllc
nuclear density ~, Assuming that 10STneutrinos are ●mitted with an average mmrgy
of ‘20flMe V s 3.2 x 10-4ergs, they find a ~R luminosity somewhat larger than that
of Mohapatra and Barbieri, namely

(3:1)
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and hence an even more severe hrniton the magnetic moment:

Several other groups of authors have obtainwl similar limits wi,hin this range.
The general conclusion is that the supernc”~a rules out diagonal and Dirac transition
moments of the magnitude nwdcd to explain any time variation in the chlorine solar
ne.ltnno experiment. It does not, however, rule out a Majorana magnetic moment.,
which converts a left-handed neutrino into an active right- handed anti- neutn”no.
Thus the sun plus the supernova SN1987A suggest that the electron-neutrino maj

have a Majorana transition moment in the range of 10-11 to 10– 10 Bohr magnetons.

5, Theoretical Models for Magnetic Moments

In the standard electroweak model, both the mass and the magnetic moment of the
neutrino vanish identically because the model does not contain a right-handed ne u-
ttino, Thus models for the magnetic moment must involve extensions of the standard
model. in the simplest extension, in which a right-handed neutrino is simply a&led
to the spectrum of particles aa a weak singlet, the magnetic moment is proportional
to the rnasa30:

(:1.5)

Civcn the iimits on the neutrino mass, it is clear that the simple extension will never
yield a magnetic moment large enough for the solar neutrino problem,

This example illustrates a general problem for model builders, namely to obtain a
relatively large magnetic moment, in the ballpark of 10-11 to 10-10 Bohr magnctons.
without giving rise to a large neutrino mass, or to large flavor changing processes Iikc
p~e = y, or to anomalous terms in the regular muon decay interaction, \lost of thr

successful models extend the Higgs sector, adding additional charged l{iggs how-ins to
the particle spectrum and invoking some additional symmetry principal”,

We have ar~ued in the previous section that the kind of magnetic moment IICA(l

is a transition moment between the left-handed ?lectron-neutrino and the right -
handed muon anti-neutrino, Such a transition does ,Iot conserve total Iq)ton nunllwr,
hut it does conserve the difference between L, and LU, hfmeovt=r, conservation of this
combination of quantum numbmu also forbids procmses Iikr IJ - P = ~; iii [Act i!

is ●quivalent to the original Konopinski-Mahmoud scheme’” which assigned oppositv
Icpton numbers to the negatively charged Inuon and electron so as to forbid the pim.
ton decay mode, Voloshin 41 has recently ohserved that if this quantum rlumlmr i::

incorporatwl into an S U(2) symmetry, then it has Home very intmcst ing consrqurllr~’s
for ncutrino masses and magnetic moments.

If we write down a hfajorana mans t.crm connecting V,L nnd v~~, thrn it will INI
tiymmetric under intmchange of the two fmldn; n transition magnrtic nmnwnt trrIII

1:)



betw~en them, on the other hand, is anti-symmetric. Therefore, if the two neutrino
fields are treated as a doublet with respect to an SU(2) which haa L, -L. as its third
component, then the nws term will behave aa a triplet under this SU( 2), while the
magnetic moment term will be a singlet. Consequently, perfect symmetry under this
Voloshin-spin will guarantw that the neutrino remains massless while the transition
moment can be made as large as desired. The trouble, of course, is that the symmetry
can never be made perfect, and so the real problem is to keep the symmetry-breaking
effects under control.

The basic strategy which has been ●mployed to implement this symmetry scheme
is the introduction of new, weak isoscalar charged Higgs particlea’z; usually one
is positvely charged and another negatively charged. The Voloshin-spin symmetry
ensures that the loop contributions to the mass from these diagrams cancel each other.
The magnetic moment comes from the same loop diagrams with a photon coming off
the charged Higgs line; because the Higgs have opposite chargea an additional minus
sign is introduced between the diagrams. Therefore the diagrams that cancel each
other in the mass now add together constructively, md can generate a large moment.

If the magnetic moment is the correct explanation of the solar neutrino problem
and these types of model are correct, then we tight be able to detect the new charged
Higgs particles at LEP. In additioL we ~hould see time-dependent effects in ALL solar
neutrino experiments.

6, Conclusion

At the present time, the best evidence for neutrino properties beyond the standard
model comes from the Sun, but it is not conclusive at this time, Itlore experiments
which look more thoroughly at the spectrum of Ucarriving at Earth and which detect
the neutral current interactions of all solar neutrinos are nemkcl. Better statistics
are n~ed to settle the issue of time dependence. In all of these respects the SNO
and BOREX experiments will be definitive. I would like to conclude by cbserving
that, despite these caveats ,a low signal in the 7*Ga experiment would moot dcfinitcl y
be a signal for new physics. The standard soiar model predicts a signal of 132 SNI 1
of which 71 come from the pp neutrinos, 34 from the ~@neutrinos, 14 from ‘B, and
the remainder from minor branches of the solar mpectrums, The pp neutrinos are the

Imet sensitive to sol m models and uo a signal well below 71 SN[J would be a clcnr

indication for new physics associated with the neutrino. An extremely low sigl~iil

would he mtrongly suggestive of the non. adiabatic hfSW solution.
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